Introduction
============

Naive and memory T lymphocyte numbers are maintained constant in adult animals to ensure that the organism can mount an immune response to a variety of new antigens, while keeping appropriate levels of memory cells to previously encountered pathogens ([@bib1]--[@bib3]). In intact animals naive T cells divide very slowly, while memory cells have a higher rate of division ([@bib4]). Furthermore, in T cell--deficient mice transferred naive T cells rapidly proliferate in the absence of antigen to reconstitute the lymphocyte pool while undergoing a limited differentiation process ([@bib5]--[@bib8]).

Signaling from the TCR and cytokine receptors have been implicated in the maintenance and homeostatic expansion of T cell pools, but their relative contribution may vary under different conditions. In particular, it has been shown that naive CD4^+^ and CD8^+^ T cells need to interact with self-MHC molecules in order to survive and proliferate under lymphopenic conditions, while memory T cells show no such requirement ([@bib9]--[@bib15]). The peptide ligands bound to self-MHC molecules responsible for positive selection in the thymus are also involved in T cell survival and homeostatic proliferation in the periphery ([@bib16]--[@bib18]). Two recent studies, however, argue that TCR tickling and p56Lck are required primarily for T cell expansion in lymphopenic hosts rather than for long-term survival ([@bib19], [@bib20]).

There is growing evidence that cytokines, which bind to receptors containing γc, namely IL-2, IL-4, IL-7, and IL-15 (referred to thereafter as γc-cytokines), are involved in T cell maintenance and homeostasis. Indeed, γc-deficient mice show impaired T cell survival and homeostasis but normal proliferative response to antigenic stimulation ([@bib21], [@bib22]). The relative importance of different γc-cytokines varies depending on their site of production and to the expression and signaling capacity of the relevant cytokine receptors on T cells. Pioneering studies using cytokine combinations containing IL-2, IL-6, and TNF-α showed that human T cells can proliferate in an antigen-independent manner in vitro ([@bib23], [@bib24]). IL-15, which is produced by several cell types including dendritic cells (DC)[\*](#fn1){ref-type="fn"}s, plays an essential role in T cell homeostasis. IL-15 expands CD8^+^ memory T cells in vivo ([@bib25], [@bib26]) and deletion of IL-15Rα results in reduced numbers of CD8 memory cells ([@bib27]). The effects of IL-15 can be counteracted by IL-2, which primes mouse T cells for death, suggesting that CD8 homeostasis might be regulated at the level of these two opposing cytokines ([@bib28]). IL-7, which is produced by stromal cells, can enhance homeostatic proliferation of both naive and memory CD8^+^ T cells ([@bib29]). Furthermore, IL-7 and IL-4 contribute, together with self-MHC molecules, to naive T cell survival ([@bib30]). In humans increased IL-7 expression is associated with enhanced T cell turnover in lymphopenic HIV patients ([@bib31]).

It is well established that naive and memory cells have different capacities to traffic in lymphoid and nonlymphoid tissues ([@bib32]). Recent evidence indicates that memory CD4^+^ and CD8^+^ T cells comprise at least two functionally distinct subsets: (i) nonpolarized "central memory" T cells (T~CM~), which express the chemokine receptor CCR7 and CD62 ligand (L) and home to the T cell areas of secondary lymphoid organs; and (ii) polarized "effector memory" T cells (T~EM~), which have lost the expression of CCR7 and have acquired the capacity to migrate to nonlymphoid tissues ([@bib33]--[@bib37]). These findings suggest that T~CM~ and T~EM~ have access to different environments and possibly different survival stimuli. It is possible that in the T cell differentiation program cytokine receptor expression might be coordinately regulated with migratory capacity and effector function. However, the responsiveness of naive and memory T cell subsets to cytokines has not been investigated.

In this work we describe the selective expansion of naive T and memory subsets using different combinations of γc- and DC-derived cytokines and define distinct signaling requirements for TCR- versus cytokine-driven proliferation. We also show that cytokine-driven T~CM~ but not naive T cells differentiate acquiring effector function and switching expression of chemokine receptors. The sustained antigen-independent generation of T~EM~ from a pool of T~CM~ cells provides a plausible mechanism for the maintenance of a polyclonal and functionally diverse repertoire of human CD4^+^ memory T cells.

Materials and Methods
=====================

Antibodies and Reagents.
------------------------

Phycoerythrin (PE)-labeled antibodies specific for IL-6Rα, IL2Rα, IL-2/15Rβ, IL-4Rα, CD40L, and CD45RA were purchased from Beckman Coulter. Anti--phospho-p38 antibodies were purchased from Southern Biotechnology and anti--phospho-extracellular signal regulated kinase (ERK) from Sigma-Aldrich. All recombinant cytokines (IL-1β, IL-2, IL-4, IL-6, IL-7, IL-10, IL-12, IL-15, TNF-α) and antibodies to IL-4, IFN-γ, MHC class II, CCR5, IL-10R and the γc-chain were purchased from BD PharMingen. The anti-CCR7 antibody (3D12) was provided by M. Lipp, Max-Deebrueck Center for Molecular Medicine, Berlin, Germany. The signaling inhibitors were purchased from Alexis and used as follows: the src tyrosine kinase inhibitor PP2 at 1 μM, the Janus kinase (JAK)3 2 Inhibitor at 25 ng/ml, Cyclosporin A (CsA) at 50 nM, the PKC inhibitor bisindolylmaledeide at 1 μM, the PI3 Kinase inhibitor LY294002 at 10 μM, the MEK inhibitor PD98059 at 50 μM and the p38 inhibitors SB202190 and PD169316 at 10 μM.

Cell Culture.
-------------

Peripheral blood mononuclear cells were isolated from healthy blood donors. B cells and monocytes were depleted by plastic adherence and passage through a nylon wool column. NK cells, CD8^+^ T cells, residual B cells and monocytes were depleted by panning technique with antibodies to CD8 (OKT8), CD14 (144), CD20 (HB9645), and CD16 (B73.1). The T cells obtained were \>97% CD4^+^ CD3^+^. Naive and memory T cell subpopulations were purified to \>99% by cell sorting, using anti-CD4 in combination with anti-CD45RO and anti-CCR7 Ab ([@bib33]). Labeling of T cells with CFSE (Molecular Probes) was performed as described previously ([@bib38]). DCs were purified by positive selection with anti-CD14 antibodies coupled to magnetic beads (Miltenyi Biotec). CD14^+^ cells were cultured for 5 d in RPMI 1640 containing 2 mM glutamine, 1% nonessential amino acids, 1% sodium pyruvate, 50 μg/ml kanamycin (GIBCO BRL), 1% human serum, 50 ng/ml GM-CSF (Novartis), and 1,000 U/ml IL-4. The DCs obtained were stimulated with 100 ng/ml LPS where indicated (from *Salmonella abortus equi*; Sigma-Aldrich). T cells were cultured with DCs at a 5:1 ratio. In some experiments DCs were pulsed with 100 ng/ml toxic shock syndrome toxin (TSST; Toxin Technologies). All recombinant cytokines were used in culture at 25 ng/ml. For inhibition experiments, T cells were preincubated with the various inhibitors for 30 min and the inhibitors were left in culture for the entire stimulation period.

FACS^®^ Analysis.
-----------------

Cell staining of CFSE-labeled T cells were performed with APC- or PE-labeled antibodies with the exception of the anti-CCR7 Ab, which was detected with a PE-labeled anti--rat antibody (BD PharMingen). Cells were analyzed on a FACSCalibur™ (Becton Dickinson). Effector cytokine producing capacity was assessed after stimulation for 6 h with 100 nM PMA and 1 μg/ml Ionomycin (Sigma-Aldrich). Brefeldin A (Sigma-Aldrich) was added at 10 μg/ml during the last 4 h of stimulation. Cells were fixed with 2% paraformaldehyde, permeabilized with PBS containing 10% FCS, and 0.5% saponin followed by staining with APC-labeled anti--IFN-γ and PE-labeled anti--IL-4 antibodies.

Immunoblotting.
---------------

Cell lysates (Tris-Cl 50 mM, pH 7.4, NP-40 0.5%, 0.15 M NaCl, 2 mM EDTA, 10 mM NaF, 10 mM P~2~0~7~, 0.5 μM Na~3~VO~4~, 100 μg/ml PMSF, 1 μg/ml aprotinin and leupeptin) were cleared by centrifugation, boiled in sample buffer, and resolved on a 10% SDS-PAGE. Proteins were transferred on a nitrocellulose membrane (Amersham Pharmacia Biotech). Incubations with primary and secondary, horseradish peroxidase-conjugated antibodies were performed in blocking buffer (5% dry nonfat milk in Tris buffered saline, pH 7.4, containing 0.05% Tween 20 (TBST) while the anti--phospho-p38 antibody was diluted in 5% BSA in TBST. Blots were developed with an ECL kit (Amersham Pharmacia Biotech).

RNase Protection Assay.
-----------------------

Lysis and RNA isolation from 2--5 × 10^6^ cells was performed with the RNeasy kit (QIAGEN). The anti-sense mRNA probes of the human cytokine receptors template set hCR-1 (Riboquant; BD PharMingen) were labeled with ^32^\[P\] using the Maxiscript kit (QIAGEN). The probe was purified with a G50 mini-column (Amersham Pharmacia Biotech). Hybridization of 2.5--5μg RNA with 3 × 10^5^ cpm probe and RNase digestion was performed with the HybSpeed kit (Ambion). Undigested RNA was precipitated and loaded on a 5% denaturating acrylamide gel, run for 2.5 h at 400 V, dried, and exposed to a film.

Results
=======

T Cell Proliferation In Response to TCR or Cytokine Stimulation.
----------------------------------------------------------------

Based on previous reports ([@bib23], [@bib24]) and preliminary experiments, we defined a cytokine combination that efficiently drives proliferation of human peripheral blood T lymphocytes. Using the CFSE dilution method to track cell division ([@bib38]), we compared the proliferative response of naive CD4^+^ T cells to either cytokines or antigenic stimulation ([Fig. 1](#fig1){ref-type="fig"}). As expected, stimulation of naive T cells with DCs pulsed with the bacterial superantigen TSST induced the rapid outgrowth of a small fraction (∼5%) of Vβ2^+^ cells. The first division occurred after a lag period of ∼40 h and cells subsequently divided rapidly, approximately every 10 h. In contrast, when exposed to a combination of IL-7, IL-15, TNF-α, IL-6, and IL-10, all T cells divided, although with a slower kinetics: the first division occurred after ∼72 h and the division time was ∼30 h.

###### 

Kinetics of TCR- and cytokine-induced T cell proliferation. CFSE-labeled naive CD4^+^ T cells were stimulated with either TSST-loaded autologous DCs (A) or with a cytokine mixture (IL-7, IL-15, TNF-α, IL-6, and IL-10) (B). Cell division was measured by flow cytometry at the time indicated.
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DCs Prime Naive T Cells to Respond to γc-Cytokines.
---------------------------------------------------

When cultured with IL-7 and IL-15, memory CD4^+^ T cells (comprising both T~CM~ and T~EM~) proliferated extensively, while naive T cells failed to do so ([Fig. 2](#fig2){ref-type="fig"} A). Because naive T cells traffic to the T cell areas of secondary lymphoid organs and make extensive contacts with DCs, we tested whether DCs may synergize with γc-cytokines and polyclonally expand naive T cells ([Fig. 2](#fig2){ref-type="fig"} A). Autologous DCs did not induce polyclonal T cell proliferation (data not shown), but endowed all naive T cells with the capacity to respond to IL-15 and IL-7 and enhanced responsiveness of memory T cells. The effect of DCs on cytokine-driven T cell proliferation was not inhibited by addition of antibodies to MHC class II molecules, suggesting that the latter were not involved in this process. The cell-free supernatant of LPS-stimulated, but not of unstimulated DCs had a similar effect as live DCs, since it did not induce proliferation on its own (data not shown), but enhanced responsiveness to IL-7 and IL-15. These results suggest that DC-derived, maturation-induced soluble factors were responsible for the observed effects.

###### 

Differential requirements for cytokine-induced proliferation of naive T, T~CM~, and T~EM~ cell subsets. (A) CFSE-labeled naive and memory CD4^+^ T cells were cultured for 7 d with IL-7 and IL-15 alone or in combination with autologous DCs, in the absence or presence of a blocking anti-MHC class II antibody, or with the supernatant of 24-h LPS-activated DCs. (B) CD4^+^ naive, T~CM~, and T~EM~ cells were isolated by cell sorting from peripheral blood according to their expression of CD45RA and CCR7. CFSE-labeled cells were cultured in the presence of different cytokines as indicated. Cell division was assessed by flow cytometry after 7 d. One representative experiment out of five and eight, respectively.
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Selective Expansion of Naive, T~CM~, and T~EM~ CD4^+^ Cell Subsets.
-------------------------------------------------------------------

CD4^+^ naive, T~CM~, and T~EM~ cells were isolated by cell sorting from peripheral blood according to expression of CD45RA and CCR7 and tested for their proliferative response to cytokines ([Fig. 2](#fig2){ref-type="fig"} B). Three observations were made. First, IL-7, which was poorly mitogenic on its own (data not shown), synergized with IL-15 in driving proliferation of T~EM~, had a modest effect on T~CM~, and no effect on naive T cells. Second, a mixture of TNF-α, IL-6, and IL-10 could substitute for DCs. These cytokines, that alone did not induce proliferation of either naive or memory cells, enhanced IL-7 plus IL-15-driven proliferation of all subsets tested. Third, IL-4, which by itself was not effective (data not shown), in combination with DC-derived cytokines selectively induced proliferation of naive but not memory cells. Taken together these results identify two groups of cytokines: (i) γc-cytokines, that drive T cell proliferation; and (ii) DC-derived cytokines that prime naive T and T~CM~ cells to respond to γc-cytokines. They also show that using appropriate cytokine combinations naive and memory T cell subsets can be selectively expanded.

Cytokine Receptor Expression and Regulation in Naive and Memory T Cell Subsets.
-------------------------------------------------------------------------------

The differential requirement for DC-derived cytokines and the differential responsiveness to IL-4 and IL-15 suggest that naive and memory T cells express different receptors for these cytokines. As shown in [Fig. 3](#fig3){ref-type="fig"}, the IL-2/IL-15Rβ-chain was expressed at very low levels on naive cells, at intermediate levels on T~CM~ and at high levels on T~EM~. In each subset, DC-derived cytokines rapidly increased the expression of IL-2/IL-15Rβ chain. However, the increase was most pronounced in naive T cells, a result that is consistent with the increased proliferation to IL-15 induced by this treatment. The γc-chain was expressed at comparable levels on all three subsets and was also upregulated (3--4-fold) by DC-derived cytokines. Remarkably, the increase of both IL-2/IL-15Rβ and γc-chain expression induced by DC-derived cytokines was comparable to that induced by TCR stimulation (data not shown). This indicates that the two pathways can independently confer responsiveness to γc-cytokines. In contrast, CD25, which is required to respond to low doses of IL-2, was selectively upregulated by TCR stimulation but not by DC-derived cytokines (data not shown).

![Modulation of cytokine receptors on T cell subsets by DC-derived cytokines or IL-4. Naive, T~CM~, and T~EM~ cells were cultured for 16 h in the absence (red) or in the presence of TNF-α, IL-6, and IL-10 (blue) or IL-4 (green) and stained with antibodies to IL-2/IL-15Rβ, γc and IL-4Rα. The black lines show staining with isotype-matched controls. One representative experiment out of five.](011514f3){#fig3}

Receptors for DC-derived cytokines were differentially expressed, IL-6Rα being present on naive and T~CM~, but lost on T~EM~, while IL-10R was retained and actually increased on T~EM~ ([Table I](#tbl1){ref-type="table"} A). The differential expression of these receptors correlates with changes in the capacity to respond to individual cytokines, TNF-α and IL-6 being the most effective for naive T cells, while IL-10 and IL-12 being most effective for T~EM~ ([Table I](#tbl1){ref-type="table"} A). Naive and memory T cells expressed IL-7Rα, γc-chain and low levels of IL-4Rα mRNAs (data not shown). Addition of IL-4 induced a marked upregulation of the IL-4Rα-chain on naive, but not on memory T cells both at the RNA (data not shown) and protein level ([Fig. 3](#fig3){ref-type="fig"}), explaining the selectivity of IL-4 as a growth factor for naive CD4^+^ T cells. However, since IL-4 downregulates γc (but not IL-2/15Rβ) chain selectively on naive T cells, their proliferation still requires the contribution of DC-derived cytokines for the upregulation of γc chain expression.

###### 

Expression and Modulation of Cytokine Receptor Chains in CD4^+^ Naive and Memory T Cell Subsets

  \(A\) Cytokine receptor surface expression (MFI)[a](#tfn1){ref-type="table-fn"}                                                                                    
  ----------------------------------------------------------------------------------- -------------------------------------- --------------------------------------- ---------------------------------------
  IL-6R                                                                               14                                     15                                      3
  IL-10R                                                                              4 (5)[b](#tfn2){ref-type="table-fn"}   7 (13)[b](#tfn2){ref-type="table-fn"}   7 (13)[b](#tfn2){ref-type="table-fn"}
  \(B\) αc chain surface expression (fold-induction)[c](#tfn3){ref-type="table-fn"}                                                                                  
  TNF-α                                                                               2.5                                    2                                       1.5
  IL-6                                                                                2                                      1.5                                     1
  IL-10                                                                               2                                      2                                       3.5
  IL-12                                                                               1.5                                    1.5                                     2.5
  TNF-α + IL-6 + IL-10                                                                4                                      3                                       4.5

Unstimulated T cell subsets were stained with antibodies to IL-6R or IL-10R. Mean fluorescence index (MFI) after subtraction of the background is indicated.

Values in parentheses indicate IL-10R expression after stimulation with IL-7 and IL-15 for 16 h.

T cell subsets were cultured as in [Fig. 4](#fig4){ref-type="fig"} and analyzed after 16 h for surface expression of ac chain. The fold-increase in MFI after subtraction of the background is shown.

Altogether these data indicate that the enhancing effect of DC-derived cytokines on IL-7 and IL-15 induced proliferation is due to the upregulation of the IL-2/IL-15Rβ and the γc chains. In addition, the selective responsiveness of naive T cells to IL-4 and of T~EM~ to IL-15 can be related to the differential regulation of the corresponding receptors, which are respectively lost or acquired after T cell differentiation.

Distinct Signaling Requirements for Cytokine versus TCR-driven Proliferation.
-----------------------------------------------------------------------------

Because TCR and cytokine receptors engage mainly distinct, although partially, overlapping signaling pathways ([@bib39], [@bib40]) we investigated the effect of drugs that block signal transduction components on TCR- versus cytokine-driven proliferation ([Fig. 4](#fig4){ref-type="fig"} A).

###### 

Differential requirements for signal transduction pathways in TCR- versus cytokine-driven proliferation. (A) CFSE-labeled CD4^+^ T cells were stimulated with plate-bound anti-CD3 or with cytokines (IL-7, IL-15, TNF-α, IL-6, and IL-10) for 7 d in the absence (control) or in the presence of optimal concentrations of the indicated inhibitors. (B and C) CD4^+^ T cells were stimulated as above for 20 min in the presence or absence of inhibitors. ERK (B) and p38 (C) were assessed by immunoblotting with antibodies specific for the active kinases. Protein amount was controlled by reblotting with an antibody specific for total p38 (data not shown). One experiment out of four and three, respectively.
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Inhibition of the downstream effectors of the PLC-γ pathway with bisindolylmaledeide (BIM, a PKC inhibitor) or CsA (a calcineurin inhibitor) prevented TCR-induced proliferation. However, no detectable effect was observed on the cytokine-induced response, confirming that cytokine-induced proliferation is TCR-independent. Both TCR- and cytokine-driven proliferation are dependent on a G1 to S cell cycle transition induced by γc-cytokines. Indeed, inhibition of the γc-cytokine--dependent pathways, with a JAK3 inhibitor, with the TOR kinase inhibitor Rapamycin or with the PI3 kinase inhibitor LY294002, blocked both cytokine- and TCR-dependent proliferation. Interestingly, while Lck and ERK are activated after both TCR and cytokine stimulation ([@bib41], [@bib42]), the Lck and MEK1/2 inhibitors PP2 and PD98059 abrogated TCR-induced, but not cytokine-induced proliferation, suggesting that in the latter case these pathways are dispensable. Reciprocally, while the p38 mitogen-activated protein (MAP) kinase pathway is stimulated by both TCR and cytokines, its selective inhibition by PD169316 (data not shown) and SB202190 resulted in a selective block of cytokine-induced but not TCR-induced proliferation ([Fig. 4](#fig4){ref-type="fig"} A). Importantly, p38 MAP kinase activity was required both in the absence and presence of DC-derived cytokines (data not shown).

According to the above results, ERK inhibition blocks TCR-dependent proliferation while p38 inhibition blocks cytokine-dependent proliferation. Therefore, we compared the activation profiles of these MAP kinases in cytokine- versus TCR-stimulated cells by immunoblotting with antibodies specific for the active form of the kinases. The ERK MAP kinase was strongly activated by TCR stimulation, and only weakly by cytokine stimulation. PD98059, which blocks the activating ERK-kinase MEK, prevented ERK phosphorylation in both cytokine- and TCR-stimulated cells ([Fig. 4](#fig4){ref-type="fig"} B). Furthermore, the p38 MAP kinase was activated by both TCR- and cytokine-stimulation ([Fig. 4](#fig4){ref-type="fig"} C). However, while TCR-dependent p38 activation was blocked by PP2 and partially by CsA, cytokine-dependent p38 activation was not affected by these drugs but was blocked by a JAK3 inhibitor. Altogether these findings indicate that the TCR and cytokine receptors activate p38 by different mechanisms and that p38 activation is required for cytokine-dependent, but not for TCR-dependent proliferation.

Cytokine-driven Differentiation of Naive and T~CM~ Cells.
---------------------------------------------------------

Recent studies in the mouse system demonstrated that naive T cells transferred into lymphopenic mice expand and acquire some markers and functions of effector cells, but retain a partially naive/resting phenotype ([@bib5]--[@bib8]). We therefore compared TCR- and cytokine-stimulated T cells for the expression of surface markers characteristic of activated/memory cells ([Fig. 5](#fig5){ref-type="fig"}). TCR-stimulated naive T cells upregulated CD40L and progressively downregulated CD45RA and CCR7 as a function of cell division. In contrast, cytokine-expanded naive T cells maintained CCR7 expression and even upregulated CD45RA, while only a fraction of the cells upregulated CD40L. In response to the same treatment, T~CM~ upregulated CD40L on a higher proportion of cells and to a higher level, while remaining CD45RA^−^. Importantly, while cytokine-stimulated naive T cells retained CCR7 expression, T~CM~ cells downregulated CCR7 and upregulated CCR5, a chemokine receptor characteristic of effector T cells. Furthermore, a large fraction of cytokine-expanded T~CM~ acquired the capacity to produce IFN-γ (23%) and IL-4 (13%) ([Fig. 6](#fig6){ref-type="fig"} A). In contrast, only a small fraction of naive T cells acquired effector function under the same culture conditions. Taken together these findings indicate that, upon cytokine stimulation, T~CM~ (but not naive T cells) differentiate to T~EM~-like cells with loss of lymph node homing capacity and acquisition of inflamed tissue homing capacity as well as effector function.

![Cytokine expanded T~CM~ differentiate and switch chemokine receptor expression. CFSE-labeled CD4^+^ naive T and T~CM~ cells were stimulated with plate-bound anti-CD3 and anti-CD28 or with cytokines (IL-7, IL-15, TNF-α, IL-6, IL-10) and stained after 7 d with antibodies specific for the indicated surface receptors (y axis, PE, or APC staining). One experiment out of five.](011514f5){#fig5}

###### 

Cytokine-driven differentiation of naive T and T~CM~ cells. (A) CFSE-labeled CD4^+^ naive T and T~CM~ cells were stimulated with TSST-pulsed DCs or with cytokines (IL-7, IL-15, TNF-α, IL-6, and IL-10) for 7 d. Intracellular IFN-γ and IL-4 were measured 6 h after stimulation with PMA and ionomycin. Numbers indicate the percentage of cytokine-producing cells. (B) CFSE-labeled CD4^+^ naive T cells were stimulated with allogeneic DCs or with cytokines (IL-7, IL-15, TNF-α, IL-6, and IL-10) for 7 d in the absence of IL-4 and IL-12 or in the presence of either IL-4 and anti-IL-12 or IL-12 and anti-IL4. IFN-γ and IL-4 production were measured 6 h after stimulation with PMA and ionomycin. The dot plots display cells, which had undergone the same number of divisions. One representative experiment out of six.
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IL-12 and IL-4 are the master cytokines that promote Th1 and Th2 polarization in TCR-stimulated cells. We investigated whether these polarizing cytokines might exert the same effect in T cells that proliferate in response to cytokines in the absence of TCR stimulation. Since T cell differentiation is influenced by division number and since both IL-4 and IL-12 had an enhancing effect on cytokine-driven proliferation (in the presence of DC-derived cytokines; data not shown), we analyzed IL-4 and IFN-γ production on cells that had undergone the same number of divisions ([Fig. 6](#fig6){ref-type="fig"} B). While IL-12 and IL-4 exerted the expected Th1 and Th2 polarizing effect in TCR-stimulated naive T cells, their effects on cytokine-stimulated cells was surprisingly different. Indeed, under cytokine-driven conditions, IL-4 failed to induce Th2 polarization and even slightly enhanced Th polarization. Moreover, IL-12 not only enhanced Th1 but also Th2 polarization. Comparable results were obtained with T~CM~ cells as well as with naive T cells purified from cord blood. Addition of IL-7, IL-15, or of DC-derived cytokines did not change the polarizing effect of IL-4 and IL-12 on TCR-stimulated cells (data not shown). These results indicate that the effect of IL-12 and IL-4 on polarization depends on the activating stimulus e.g., TCR versus cytokines.

Discussion
==========

The upregulation of cytokine receptors induced by TCR stimulation is the basis of antigen-driven clonal expansion, which is mediated by γc-cytokines produced by T cells in an autocrine fashion ([@bib43]). We have shown here that DCs as well as DC-derived cytokines (TNF-α, IL-6, IL-10, and IL-12) promote T cell proliferation in response to γc-cytokines. Like TCR stimulation, DC-derived cytokines can upregulate IL-2/15Rβ and γc chain expression ([@bib44], [@bib45]), thus inducing proliferation of naive T cells and boosting that of memory T cells in response to γc-cytokines. These findings suggest that DCs may play a dual role in promoting both antigen-driven as well as homeostatic T cell proliferation.

Several studies demonstrated a role for TCR tickling by self-MHC molecules in promoting both survival of naive T cell under steady-state conditions and their expansion and differentiation in lymphopenic mice ([@bib9]--[@bib15], [@bib46]). This mechanism, however, is influenced by the capacity of each TCR to interact with self-MHC molecules ([@bib17]) and would inevitably lead to a skewing of the TCR repertoire. In contrast, cytokine-driven proliferation can be induced and tuned in the absence of TCR stimulation and represents a driving force for the maintenance and expansion of a polyclonal repertoire. In both cases the level of stimulation will depend on T cell density and competition for access to DCs providing either self-MHC molecules or cytokines.

Previous studies demonstrated that γc-cytokines play nonredundant roles in T cell homeostasis in mice ([@bib26]--[@bib30]). We found that cytokine responsiveness and cytokine receptor expression vary with the differentiation stage of T cells. The responsiveness to IL-7 and IL-15 and the expression of the IL-2/15Rβ-chain are progressively acquired as naive T cells differentiate to T~CM~ and T~EM~. While IL-7 acts synergistically with IL-15 on all CD4^+^ T cell subsets, only T~EM~ can directly proliferate in response to these cytokines, as naive and T~CM~ require DCs or DC-derived cytokines to upregulate the relevant receptors. In contrast to other γc-cytokines, IL-4 is selective for naive T cells, an effect that can be explained by the upregulation of the IL-4Rα chain by IL-4 on naive but not on memory T cells. Altogether these results reveal that γc-cytokine receptor expression is regulated both developmentally and by signals from TCR or DC-derived cytokines.

TCR- and cytokine-driven proliferation can be differentially blocked by inhibitors that selectively target signal transduction pathways. While TCR-driven proliferation is inhibited by CsA and PP2, cytokine-driven proliferation is completely resistant. Furthermore, the p38 pathway is activated in response to both TCR and cytokines stimulation, although through different mechanisms. However, pharmacolocical inhibition experiments indicate that p38 is essential for cytokine-driven, but not for TCR-driven proliferation. The reciprocal applies to ERK MAP kinases, which are activated by both stimuli, but are essential only for TCR-induced responses. Our results suggest an essential role for p38, besides its effects on cytokine production ([@bib47], [@bib48]), in antigen-independent T cell proliferation.

Cytokine-driven proliferation of human T cells in vitro can also lead to differentiation. Our study has revealed a striking difference in the differentiation capacity of naive T versus T~CM~ cells. While cytokine-expanded naive T cells retain a lymph node homing phenotype (CD45RA^+^, CCR7^+^) and undergo only a very limited differentiation, T~CM~ differentiate efficiently, losing CCR7 and acquiring CCR5 as well as the capacity to produce high levels of IFN-γ and IL-4, comparable to those produced by effector T cells. These findings indicate that T~CM~ can generate cells with the characteristics of T~EM~ in an antigen-independent fashion.

IL-12 is produced by DCs and was recently reported to enhance homeostatic T cell proliferation in mice ([@bib49]). The polarizing effects of IL-12 and IL-4 in cytokine driven cultures were unexpected, since IL-12 boosted IFN-γ as well as IL-4 producing capacity, while IL-4 boosted only IFN-γ production. While the paradoxical Th1 polarizing capacity of IL-4 remains to be explained, its failure to induce Th2 polarization in this system is consistent with previous reports indicating that Th2 polarization critically depends on simultaneous TCR and IL-4R stimulation ([@bib50], [@bib51])

Altogether our results suggest that T~CM~ cells might not only self-renew, but also replenish the T~EM~ pool. Indeed, although T~EM~ cells are responsive to cytokines they may be consumed as they enter peripheral tissues. Consistent with this hypothesis is the fact that T~CM~ incorporate BrdU ex vivo almost as efficiently as T~EM~, which on the other hand have an enhanced rate of apoptosis (unpublished data). Furthermore the high propensity of T~CM~ to undergo terminal differentiation suggests that at least some of the proliferating T~EM~ may be generated by homeostatic proliferation and differentiation of the T~CM~ pool. Under pathological conditions, the rapid and extensive cytokine-driven differentiation of T~CM~ may induce large numbers of effector cells that may damage sensitive target organs such as the gut ([@bib52]). Altogether these results provide a plausible mechanism for the maintenance of a polyclonal repertoire of memory T cells and for the generation of T~EM~ in the absence of antigen from a T~CM~ pool.
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